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Abstract 
Much of the current knowledge of Pb seques-
tration in earthworm c hloragosome granules stems 
from qua n titative and semi- quan titative Electron 
Probe X-ray Microanalysis (EPXMA) of unfixed, 
ai r -dried tissue smears. Fully quantitative EPXMA 
was used in this study to assess the validity of 
smearing by comparison with unfixed, freeze-dried 
cryosectio ns. Samples were obtained from two 
earthworm species, Lumbricus r ubellus (L.r.) and 
Dendrobaena rubida (D.r.) collected fro ma Pb and 
Zn polluted soil (confirmed by XRF). A numbe r of 
co nclusio ns emerged :- (a) the element comp-
ositio ns of whole worms, determined by EPXMA of 
sprayed microdroplets of wet-digested tissues , 
were different (D.r . : Pb= 29 . 9 , Zn= 33.9, Ca= 
20 7.3, S = 387.9~ = 258 .0; L.r. : Pb = 12. 3 , Zn 
= 44.4, Ca= 288. 1, S = 311--:-S:- P = 354 . 9 mM/ kg 
dr.w .); (b} the major proportions of the body 
burdens of Pb and Zn are located in the chlorag-
ogenous tissue; (c) cryosectio ne d chloragosomes 
possess a conce nt ric sub-structure, and the 
chemical compositio n of indi vidual granules and 
gra nule populatio ns is very heterogeneous; (d) 
smeared and cryosectioned chloragosome 
preparations revealed significant species-
differences in compositional chemistry (e . g., 
higher Pb and lower Zn in D.r., c.f . with L.r ), 
which reflected their body burdens; (e-)-the 
absolute cone. values presented for L.r . cryo -
sectioned granules are systematically higher than 
equivalent smear data; the overall patterns of 
the quantitative data obtained from smeared and 
cryosectioned chloragosomes were substantially 
similar, suggesting that the simpler technique 
ca n be r ecommended for certain applications, 
particularly where monitoring a large granule 
population is paramount. 
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Introduction 
Earthworms are relatively large and easily 
identifiable detritivorous terrestrial macro-
invertebrates. They possess a numbe r of eco-
physiolog ical and behavioral features that are 
considered advantageous for the purpose of bio-
monitoring heavy metal pollution (Martin and 
Coughtrey, 1982). 
It is well known, for example, that earth-
wor ms accumulate heavy metals from soils and 
litter where the pollutants have been introduced 
as a consequence of: (a) atmospheric deposition 
from vehicle exhausts, (Czarnowska and 
Jopkiewicz , 1978; Ash and Lee, 1980) and fr om 
smelting plants (Wright and Stringer , 1980; 
Bengtsson et al. 1983); (b) the application of 
ccntaminated sewage sludge for soil amendment, 
(Helmke et al. 1979; Andersen, 1979; And erse n and 
Laursen , 1982; Ma, 1982); and (c) metallifero us 
mining activities, (Ireland, 1983; Morgan and 
Morris , 1982). However, the relationship between 
worm metal burdens and soil metal concentrations 
is not simple, mainly because a number of biotic 
and abiotic factor s modulate metal availability/ 
solubility and uptake/retention (Ma et al., 1983; 
Morgan, 1985; Morris and Morgan, 1986~ Further 
improvements are, therefore, required in our 
understanding of the endogenous (uptake , excre-
tion, cell-sequestration and turnover, etc) 
factors influencing metal accumulation in this 
important group of soil-dwelling animals, if they 
are to be used for impact assessment. 
Lead is the metal whose assimilation and 
sequestration by earthworms has been most fre-
quently studied (see Morgan, 1986; Morris and 
Morgan, 1986). Earthworms are known to accumulate 
a very high proportion of their body burdens of 
lead in a special storage tissue (the chlor-
agcgenous tissue) that is unique to oligochaete 
annelids (Ireland, 1975). This voluminous and 
non-discrete tissue covers the intestine, the 
majo r blood vessels and some of the major organs 
(Fig . 1), and the cytoplasm of the chlorogocytes 
is packed characteristically with multifunctional 
dense granules possessing a high inorganic 
(mainly Ca, P, Zn) content (Prent,¢, 1979, 
Wroblewski et al. , 1979; Morgan, 1981 , 1982, 
1984; Jamieson, 1981; Morgan and Winters, 1982). 
These electron opaque granules (the chlor-
agosomes) have a high affinity for lead, and 
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represent a major intracellular site for Pb 
sequestration within the "target" cells (Ireland 
and Richards, 1977, Morgan and Morris, 1982). 
Some evidence, albeit inconclusive, has been 
offered from in vitro experiments (Ireland, 1978) 
and semiquantitative microproqe analysis of 
granule compositional heterogeneity (Morgan and 
Morris, 1982; Morgan, 1984) that lead is bound by 
the matrix of the organelles in exchange for 
calcium. 
Earthworm chloragosomes have clearly attrac-
ted considerable attention, not least because 
they offer interesting biochemical insights into 
what must be an effective mechanism of lead 
"detoxification by accumulation". However, apart 
from a single observation on a chloragcsome in 
Allolobophora longa (Morgan and Winters, 1982), 
much of the information regarding the element 
composition of these organelles is derived from 
the quantitative or semiquantitative microprobe 
analyses of conventional (wet chemical) or air-
dried smear preparations. The objectives of the 
present paper are; (1) To determine by fully 
quantitative electron probe X-ray microanalysis 
whether or not the data obtained from tissue 
smears and thin cryosections, respectively, can 
be subjected to similar biological inter-
pretation. This question is important because the 
simple smearing technique facilitates the rapid 
preparation (and thus analysis) of large numbers 
of granules derived from several different 
animals. The ecotoxicological and statistical 
advantages of this aspect are self evident. 
Nevertheless, it cannot be justified if the 
information is seriously distorted by preparative 
and/or analytical artifacts. (2) To examine the 
morphology of the chloragocytes in unfixed, 
ultrathin, freeze-dried cryosections. Ireland and 
Richards, ( 1977) described a second lead-
sequestering organelle within the chloragocytes 
of heavily contaminated Cendrobaena rubida. The 
relationship, if any, of these polymorphic struc-
tures (which they termed "debris vesicles " to, 
perhaps, suggest that they are components of the 
lysosomal system) to the chloragcsomes is at 
present unknown. However, it is interesting to 
speculate that the existence of debris vesicles 
may account for some of the compositional varia-
bility which is encountered in smeared "chlor-
agosome" preparations. (3) To compare the comp-
osition of individual chloragosomes with the 
whole-body composition (determined by EPXMA) of 
sprayed microdroplets of wet-digested worms. 
All the observations were performed on two 
species of litter-feeding earthworms, L.rubellus 
and D.rubida, whose metal relationships have been 
shown previously to be different (Ireland and 
Richards, 1977; Morgan and Morris, 1982). 
Material s and Methods 
Worms were collected from a spoil heap assoc-
iated with a d isused Pb/Zn mine at Draethen, 
South Wales (O.S.Grid Ref. ST2 14876). The worms 
were transferred to the laboratory on their nat-
i ve soil. 
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Schematic T .S. of earthworm 
Fig. 1. Schematic diagram of a transverse section 
in the intestinal region of an earthworm to show 
the layering of the chloragocytes around the 
intestine. 
Soil Analysis 
--A soil (0-Scrr. horizon) sample was finely 
ground (Tesch Siebtechnik) for 2 minutes, after 
drying and passing through a 2 mm aperture alum-
inium sieve. The powder (4g) was homogenised 
(Glen Creston Homogeniser) for 10 minutes with an 
equal weight of microgranular cellulose powder 
(Whatman CC31). The soil/cellulose mixture was 
then placed in a 4cm diameter aluminium cup and 
ccmpressed (R11C Compressor), with a pressure of 
2.4 X 1a3kg/cm to form smooth-surfaced briquets 
3.5 mm thick. The briquets were dried at S0°c 
for 12h before analysis in a Philips PW 1400 X-
ray Fluorescence chamber (fully quantitative) 
and, subsequently, in a Link Systems Ltd. MECA 
10-44 XRF (qualitative). The analyses confirmed 
that the calcareous soil is heavily contaminated 
with Pb and Zn (Pb= 0.9617%; Zn= 5.2681%; Ca 
= 15.55% ; CU= 0.0345% Cd= 0.0033% ; - Fig 
2). 
Whole worm analysis 
Earthworms (6 individuals per species) were 
maintained on moistened tissue paper for 3 days 
to enable them to void gut contents. The worms 
were killed by immersion in liquid Nz, and trans-
ferred to individual pre-weighed, acid-washed 
glass tubes. All weighings were performed in a 
silica-gel dried environment on a Mett le r AE 163 
Dual Range Microbala nce (parameters used for the 
precise weighing of small samples: 0-30g range; 5 
decimal places; inte grat i on= step 3; automatic 
stability detector= step 1). The samples were 
dried for 16h at 6C0 c and reweighed. The dried 
worms ( average dry weight: L. rubellus = 96. 10 
mg; D. rub ida = 24.92 mg) were then digested to 
dryness in 2ml of ccnc. HNO3 ("An alar") on a sand 
bath and the dry residue was dissolved in 2 ml of 
5% HN°3 contai ning 10.54 rnM/1 of ccbalt 
(as Co(Nq~.6~tj.The anylate was sprayed from glass 
microcapillary tubes to prod uce microdroplets on 







Ca \ Pb 
lJ~ 
Fig. 2. XRF energy spectra (Link MECA 10-44) 
derived from a pressed soil/cellulose briquette. 
0-20 keV range; Ag source, 32 kV, 0-17 mA, thin Ag filter. 
carbon-coated collodion films supported by 200 
mesh titanium grids (Davies and Morgan, 1976; 
Nott and Mavin,1986). Microdroplets, approxim-
ately 3 mm in diameter, were then analysed (5 per 
individual sample) in a Philips EM 300 TEM equip-
ped with a Link Systems Ltd. detector and 860 
Series 2 analyser. Spectra were processed by the 
Quantem Filtered Least Squares Programrre under 
option 2 (the option used for the analysis of 
elements in a low atomic number matrix). The 
analytical conditions were essentially as 
described by Morgan (1983). Element concentration 
can be determined in microdroplets of unknown 
volume (but containing cobalt at a known conc-
entration and providing they are small and thin 
enough to conform to the "thin-film" criteria) 













concentration (mM) of element x in 
the sample (i.e.,anylate soln.) 
concentration of cobalt (mM) in 
anylate. 
measured X-ray intensity emitted 
by x. 




K a proportionality constant, 
which can easily be deter-
mined by the analysis of 
isoatomic microdroplet 
standards (Morgan et al, 
1975) and reflects the 
relative overall "efficiency 
in analysis" of element x 
and cobalt. 
In the present study 
adopted for use with 
particular, exploits 
routine :-
a version of Eq.1 was 
Quantem FLS, which, in 















concentration of element x in the 
tissue sample ( mM Kg-1 dry weight). 
total peak area of either the entire 
Kline (P, S, Ca, Co, Zn) or L line 
(Pb) series of element x after 
background subtraction and decon-
volution. 
total peak area of cobalt K~ line 
series. 
standard correction factors which 
were derived from aminoplastic 
standards, sectioned on dry glass 
knives (Roos and Barnard, 1984; Roos 
and Morgan, 1985) -see Eq. 3. 
( FS'IJ::
0 
/FSTX ) is analogous to the 
constant Kin Eq 1. 
concentration of cobalt in anylate 
solution (i.e., the solubili -zed 
digest residue). C 10.54 
mM/1. 
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V volume of anylate solution= 2ml. 
y dry weight (g) of tissue sample. 
(N.B . Since (P-b) in Eq.1 is equivalent to P in 
Eq.2, and K in Eq.1 is equivalent to FST(o /FS'; 
in Eq.2, the onl y difference ~etween Eq . 1 and 
Eq.2 is that in Eq .1 Cx is defined as mM/1, 
whereas in Eq.2 this value is converted, using V 














intensity of the continu~m signal. 
average atomic number (Z /A) of the 
thin film standard,i . e., aminoplas-
tic section. 
concentration of element x (mM Kg 
dry weight) in the aminoplastic. 
standard factors used in our 
determinations are listed in Table 1. 
Table ~.FST values (derived from aminoplastic 
standards) and FST ratios. 
ELEMENT/X-RAY LINE FST 
p (K) 0.002 2743 2. 06 
E (K) 0.0020203 2.32 
Ca (K) 0. 00346 00 1. 36 
Co (K) 0 . 0046 S30 (1) 
Zn (K) 0 . 0034 193 0. 86 
Fb (L) 0. 00706 00 0.66 
Smears and cryom i croto my 
Smears of chloragogenous tissue (unfixed, 
unstained, air-dried) from the in testinal region 
of 5 worms per species were prepared, as desc-
ribed by Fischer and Trombitas (1980), on 
carbon-collodion films on 200 mesh titanium 
grids. 
Freezing of ch loragcgenous tissue (samp les 
from 2 individual wor ms per species) was achieved 
by immersion in liquid N;,-cooled propane either 
in a "homemade" plunger or in a Reichert KF80. No 
fixat i ves or cryoprotectants were used. There was 
no discernible difference in the quality of 
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freezing by the two devices. Cryosections were 
cut with a Reichert FC4C Ultra cut 
Cryoultramicrotome at 90 nm nominal thickness 
using glass knives. The temperature of the knife 
and specimen was 173 K, and the er.amber 
temperature was 173 K. 
Sections were transferred onto carbon-
ccllodion films on 200 mesh titanium grids using 
an eyelash. The mounted sections were then "sand-
wiched" by a second (pre-cooled) collodion fi lm 
suspended over an aluminium ring. The sections 
were transferred within a lidded, liquid ~ -
cooled, aluminium container to a coating unit 
( Nanotech). "External" freeze-drying was perfor-
med overnight under the vacuum (10- 4 torr) in 
this unit; the vacuum was then broken, the lid 
quickly removed from the grid transfer device, 
and the grids were carbon ccated. The freeze-
dried sections were stored prior to analysis over 
silica gel in a dessicator. 
X-r ay microanalysis and quantitation. 
---Analysis was performed in a Philips EM300 + 
Link Systems 860 Series 2 analyser, operated at 
80kV, and a beam current (accurately measured be-
fore each analysis run with a Faraday cup) in the 
region of 0.3-SnA. Analytical (live) time was 100 
seconds, and usually 10 chloragcsome gran-
ules/smear or cryosection/animal were analysed. 
Aminoplastic standards were used for the 
quantitation (see Roos and Morgan, 1985). 
Statistics 
All data were expressed as Mean~ standard 
Error. The significance of differences between 
mean values (at the 5% level) was determined by 
Student's t-test. 
Results and Discussion 
Whole worm analysis (microdroplets) 
---The whole worm data is summarized in Fig.3. 
It confirms and extends the earlier atorr .ic 2bs-
orption otservations (Morgan and Morris 1982) on 
D. rubida and L. rubellus from this particular 
lead~zinc contaminated (Fig.2) site. There 
are striking species differences in metal 
accumulation patterns; D. rubida ccntains higher 
Pb and lower Zn and Caconcentrations than L. 
rubellus (althcugh the difference between the Zn 
means was marginally non-significant). The 
reascr.s for these differences in two super-
ficially similar species (Piearce, 1972) are 
unknown, although both ecological and physio-
logical mechanisms must be implicatec. In 
addition, D. r ubida had significantly higher S 
and lower P concentrations than L. rubellus. 
These biological observations conform with 
expectations (Irela nd and Richards, 1977; Morgan 
and Morris, 1982, Morgan, 1984; ), and demonstrate 
the potential utility of this multielement "bulk 
analysis" proced ure. The technique is inherently 
less sensitive than atomic absorption spectro-
photometry (Morgan, 1983), but this may not be a 
serious co nst rai nt when the mass of the dry 
sample is relative ly large. 
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Fig. 3. Whole worm-element concentrations 
ured by EPXMA of sprayed microdroplets of 
digested tissues. Species differences in 
concentration of each element were analysed by 
test: * = P< 0.05, 
** = P< 0.01, N.S. = non significant, n = 6 in 
each case. 
Chlorag osome analysis 
The dense chloragosome gra nules were fairly 
easy to observe in the smear preparations, alth-
ough no detail of their individual morphologies 
cou ld be discerned (Fig.4). It is apparent, 
theref ore, that dense bodies other than chlorag-
oso mes cculd be included in the analytical sample 
and may be a contributory source of variability. 
Despite this reservation, the smears yielded 
co nclu sive information (Fig.5): the Pb concen-
trations were significantly higher and Zn signi-
fica ntly lower in D. rubida cc mpared with L. 
r ubellus; S was higher and Plower in D.rubida. 
These observations reflect prec isely the patterns 
suggested by the whole-worm compositions (c.f. 
Figs.3 and 5). However, the Ca concentrations of 
the smeared chloragosomes were not significantly 
different. 
The composition of cryosectioned chloragcsome 
granules, although based en a fairly limited 
sample size, also provided interesting species 
comparisons: the Pb concentration was again 
higher (albeit, not significant) and the Zn and 
Ca lower in D. rubida than in L. rubellus 
(Fig.6). In addit~it was foundthat P was 
significantly lower in the chloragosomes of D. 
rubida, but no significant difference was 
observed in the S concentrations of the granules 
in the two species_ A ccmparison of the absolute 
cc-ncentration values obtained in smeared and 
cryosectioned granules seems to suggest that the 
Pb, Ca and P values are elevated in the cryo-
sectioned L. rubellus granules (c.f. Figs.5 and 
6). There are two possible exrlanations for this. 
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First, the granules of L. rubellus are usually 
larger than these of D. rubida (Fig.4), and the 
X- rays generated in-them may be subject to 
2bsorption, with a consequent reduction in meas -
ured concentration values. However, a rrc-re likely 
alternative explanation of the disparity between 
the smeared and cryo cata for L. rubellus is that 
the measurements frorr. the cryosectioned granules 
rEpresent an inadvertently biased sample. It was 
found that some of the granules randorr.ly anal-
ysed in these specimens did not yield detectable 
Pt signals and could not, therefore, be reason-
ably included in the statistical analysis and 
ccmparisons. (This sampling problem may also 
explain the non-sgnificance of the difference 
between the mean Pb concentrations in cryo-
sectioned granules of the two earthworm species -
Fig .6). All the smeared L. rubellus chloragosomes 
yielded sufficient X-ray counts to satisfy the 
statistical requirements of the Link Software 
(although the concentration values obtained from 
some individual granules were very low and, 
presumably, near the detectable limits of the 
system). From this quantitative assessment we 
would conclude that the microprobe data obtained 
from smeared and cryosectioned chloragosomes did 
not differ sufficiently in overall pattern to 
warrant different biological interpretations, and 
t hus de not engender serious concern where the 
simp ,ler technique is to t:e preferred for specific 
purposes. It is perhaps worth nc ,ting, however, 
that dense inorganic-rich structures in the size 
ra nge of chloragosomes represent unusual and 
highly fav ourable organelles in the c cnte xt of 
smearing: (i) they are easily located, if not 
pos i tively identified, in the TEM (because no 
definitive method is available for distinguishing 
between subpopulations of granule, nor distin-
guishing between fu ndamen tally different gra nule 
types in the smear); (ii) they possess , by defin-
ition, high co ncentrations of certain elements, 
so that the co ntributory effect of the "cont-
aminating cytoplasm" is probably negligible; 
(iii) their metal constituents are relatively 
tightly bound and, therefore, unlikely to be 
displaced by the high surfacE.· tension forces that 
accompany air drying. Although the various 
metal-rich granules and vacuoles in invertebrate 
tissues have attracted widespread attention 
(Brown, 1982; Morgan and Winters, 1987) , the 
number of fully quantitative EPXMA studies, 
particularly on cryosectioned granules, is 
se verely limited (e.g., Pirie et al., 198 4). 
However, a comparison of the current quantitative 
EPXMA observations on the chloragcsomes of two 
earthworm species from a polluted microhabitat, 
with published qcantitative data obtained by the 
analysis of isolated chloragc,Eorr,e pellets from 
another species (from a non - polluted site) is 
mcst enccuraging (Table 2). Two questions arise 
at this point which cannot presently be answered. 
First, does the accumulation cf Pb by the chlor-
agcsome matrix change the concentrations of 
"ncrmal" constituents (Ca, Zn and P)? Second, 
what is the nature of the Fb bjnding ligand(s) 
within the matrix ? The rretal:phosphate (i.e., Pb 
+ Ca+ Zn :P) molar ratios in the cryosectioned 
granules of L. rubellus is 1.03:1 and in the 
granules of o_ rubida it is 2.47:1. A com-
parison of chloragcsome data with the whole worm 
0 
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Fig.4 . Tra nsmission electron micrographs of and 
representat i ve X-ray energy spectra from, earth-
worm chloragosome smears. 
(a) L . rubellus smear; (b) L. rubellus spectrum; 
(c) D. rubida smear; (d) D. r"tibida spectrum. Note 
the size difference between the granules of the 
two species a~d the obvious diss imi larities in 
their Ca: Zn: Pb intensities. 
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DL. rubellus 
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Ca P S 
Fig. 5. Element composition 
the smeared chloragosomes of 
rubida. (See legend of Fig . 3 
~O in each case, t-test 
0 . 01, *** =P<0 .001, ns= 
different. 












measured by EPXMA of 
L. rubellus and D. 
for details). 
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Pb Zn Ca P S 
Fig. 6. Element composition measured by EPXMA of 
the cryosectioned chloragcsomes of L. rubellus 
and D. rubida. 
n = 18 in each case, means compared by t-tests, 
*** = P< 0.001, NS= net significantly different. 
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element co ncen trat i on s (Table 3) , demo nstrates 
that the ch lo ragog enous tissue is the major 
depository of th e Pb and Zn burdens within the 
earthworm body. The low co nc e n tration r atio 
( cc -ncentration in c hlora gosome : co nce nt rati on in 
whole worm) suggests that S and P are fairly 
evenly distributed within the body. The ch lor-
agosomes obviously represent a significant Ca 
storage site because tissue C2 concentration in 
most nonmine ral i zed living tissue is relat i vely 
low. The low cc-ncentratio n ratio for Ca (Table n 
is probably attributable to the fact that the 
earthworms conta in a mine ral secreting gland, the 
calciferous gland , in the anterior region of the 
body which co ntains a major proportion of the 
total Ca burden (Piearce , 1972; Morga n,1 982). 
Morphology and compositional heterogeneity of 
chloragoso mes 
Conve n tio nall y f i xed, resin -embedded and 
stained cbloragcso mes have been shown to pos sess 
a concentric sub-structure (e.g., Prento, 1979; 
Morgan, 1981; Morgan and Winters, 1982). However, 
this arrangement cculd conceivably be the result 
of the differential extraction of matrix const-
ituents during c-ne or more of the preparative 
steps. Fig.7a demonstrates quite clearly that 
earthworm cr.loragcsomes do possess internal 
structure, and that individual granules can be 
ccmpositionally heterogeneous. In addition, it is 
also apparent that the morphology and ccmposition 
of different granules also varies considerably 
(Fig. 7b-7e) . 
This fact cannot be appreciated in simple smears. 
Therefore, if definitive quantitative microprobe 
analysis of structurally comparable granule sub-
populations are to be undertaken, then the method 
of chcice must surely be cryomicrotomy. 
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Table I·A com~arison of the current and ~ublished 
information on the element ccmposition 
(quantitative) of earthworm ctloragosomes. 
Ca Zn p 
L. rubellus * Smear 1.48% 2.34% 2.86% -
(14,800) (23,400) (28,600) 
Crye 3. 18% 3. 31\ 4.27% 
(31,800) (33,100) (42,700) 
D. rubida * Smear 1. 64% 0.85% 1. 47% ----
Crye 1. 47% 1.03% 0.85% 
( 14,700) (10,300) (8,500) 
L. terrestris ** 2-3% 1-3% 6% -
!2..:_ longa *** 2. 70% 0.93% 3.47% 
Pb 
1. 10% 








* current paper (values were derived from 
mean concentrations) ; 
** Prento (1979); 
*** Morgan and Winters (1982). 
Values in parentheses= ppm. 
Table 3. Element concentration ratios (element cone. in 
chloragosomes + element cone . in whole worm) in earthworms. 
Pb Zn Ca s p 
L. rubellus 4.30* 8.06 1. 28 0. 74 2.60 -
(10.00)** ( 11. 42) ( 2. 76) (1.05) (3.88) 
D. rubida 4.95 3.83 1. 98 0.98 1.83 ----
(5.25) (4.63) ( 1. 78) (0.66) ( 1. 07) 
* derived from smeared chloragosome mean values; 
** derived from cryosectioned chloragosome mean values. 
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Fig. 7. Morphology of and repre-
sentative X-r ay energy spectra from 
cryosectioned chloragosomes. (a) 
Cryosectioned L. rubellus granules. 
Note that some have a distinct 
dense core (arrows). (b) An X-ray 
spectrum derived from one of the 
granules shown in 7a. (c) Conven-
tional fixed and stained resin sec-
tion of L. rubellus chloragocytes. 
Note the structural heterogeneity 
of the chloragosomes: some have 
distinct concentric substructures, 
others possess discrete (white ar-
rows) caps of material of differing 
density usuall y fused with one end. 
Some of the "debris vesicles" (Ire-
land and Richards, 1977) are indi-
cated with black arrows. (d) Cryo -
sectioned D. rubida gran ule s . Note 
the structural similari ties between 
the se unfixed, unstained prepara-
tion s and those depicted in 7c; in 
particular some granules possess a 
dense core (black arrow), many oth-
ers possess extremely dense "caps" 
(white arrows) either near one end 
or (occasionally) lying parallel to 
the longitudianal axis. In addi-
tion, some of the s tructures are 
obviously granular (double arrows) 
and others have a less regular pro-
file and have a pale and s tippled 
appearance (triple arrows). (e) 
Cryosectioned D. rubida gran ule s 
to gether with concentra tion s in 
mM/kg dry weight listed below de-
termined by Quantem FLS af ter spec-
tru m processing. (The tabulated 
spot number corresponds 
numbers on Fig . e) . 
Spot no. p Ca 
1 109 257 
2 465 373 
3 290 238 
4 130 96 
5 112 191 
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Discussions with Reviewers 
G.M. Roomans: Since you appear to have access 
to XRF instrumentation, could you check the 
results of your microdroplets of digested 
earthworms against XRF analysis of whole (ground) 
earthworms? 
Authors: A comparison of this kind would be a 
most interesting exercise. It could be performed 
in the way that you suggest, or in one of the 
following twc ways. First, the wet-digested 
earthworm samples could be sprayed for EPXMA 
microdroplet analysis, and a known volume of the 
same anylate solution could te deposited and 
dried on a filter disc for XRF analysis. Second, 
a freeze-dried and finely ground sample could be 
pelletized for XRF analysis. 
An alternative approach is to analyse the 
fluid anylate by EPXMA and (say) atomic 
absorption spectrophotometry. When this has been 
performed, the correlation between the methods 
for low atomic numter elements (Davies and 
Morgan, 1976) and fer heavier elements (Nott and 
Mavin, 1986) is acceptable. However, a detailed 
appraisal encompassing a wide range cf elements 
at different concentrations is certainly 
required. 
G. M. Roomans: Did you analyse the "cytoplasm" 
between the granules in thin cryosections? 
Authors: Chloragocyte cytoplasm has been 
extensively analysed and we have found constantly 
that Pb and Zn c oncentrations are below the 
detectable limits of our system. 
Cytoplasmic Pb concentrations must be very 
low since the chloragccyte is engaged in haem 
synthesis; virtually all the enzymes involved in 
this biosynthesis pathway are inhibited by low Pb 
concentrations. 
G.M. Roomans: Were the concentrations of Zn 
and Pb in the aminoplastic standards in the same 
range as the concentrations of these elements in 
the specimens ? 
Authors: The Pb and Zn concentrations in the 
standards were lower than the highest mean 
concentration recorded in the chloragosomes. The 
standards contained: 30 and 84 m~ Pb/kg dry 
weight, respectively; and 121 and 241 mM Zn/kg 
dry weight, respectively. In cryosections, the 
highest recorded mean value for Pb was 157 mM/ kg 
d.w. in D.rubida, and for Zn was 507 mM/kg d.w. 
in L.rubellus. Whilst the metal concentrations in 
the standards were, therefore, within the 
conce~tration ranges found in the specimens this 
does not mean that "std = Gspec. 
(where, G = z2/A), since the chloragosomes have a 
multielement composition; whereas the 
aminoplastics are doped with single-salt 
solutions. However, for the purposes of 
determining FST values (see Eq.3) this should not 
be an important consideration. 
G.M. Roomans: Histograms on concentration 
frequencies, based on a large number of 
chloragosome analyses would allow a conclusion as 
to whether there could be more than one 
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population of granules. However, your statistical 
techniques accept a priori a normal distribution. 
Do you have any data on concentration frequency 
distributions? 
Authors: We have not plotted the present 
quantitative data in the form of frequency 
histograms because of the fairly limited number 
of observations that were made. We have in the 
past (Morgan, 1984) used this approach for 
assessing the heterogeneity of chloragosome 
populations that we suspected were undergoing 
compositional changes accompanying seasonal 
cycles of activity. However, to be effective, and 
to fully exploit the multi-element analytical 
capabilities of energy-dispersive spectrometry, 
the data should ideally be subjected to 
multivariate statistical procedures, such as that 
employed to follow the elemental shifts in 
erythrocytes during storage (Jones et al., 1986) . 
G.M. Roomans : The discrepancy-between the 
results from the smears and the results from the 
cryosections is interesting. Several factors 
could contribute: (i) In the dense granules which 
seem to be at least 1µm in diameter there is 
protably some X-ray absorption. It would be 
better to treat these samples as semi-thick 
sections and to use the peak-to-local-background 
ratio (Wroblewski,J. et al., 1983). 
I think Link Systems offersoftware (the "ZAF 
P/B") for performing this routine. (ii) In the 
sections you measure "pure" granules, but in the 
smears there may be an unknown amount of 
"intergranular cytoplasm" on top of or under the 
granule, "diluting" the granule contents. (iii) 
The c oncentrations calculated from the thin 
sections are not ne cessar ily correct. In 
particular with thin sections, the corrections 
for extraneous background may introduce errors. 
Authors: We thank Dr. Roomans for these 
pertinent c omments that enhance the assessment of 
the presented data. 
D.C. Sigee: Have the authors been able to make 
any estimate of the quantitative effect of 
contaminating cytoplasm in the smear prepar-
ations, and c ould the presence of this 
contaminant account for differences in elemental 
mass fractions of chloragosomes between smear and 
cryosection preparations? 
Autho rs : No, we have not attempted to estimate 
the "dilution effect" (see the comrr.ents of 
Roomans, above) of the contaminating cytoplasm, 
although we de accept that it could contribute to 
some (unknown) extent to the differences between 
data derived from sections and smears. One way of 
estimating this would te to measure the 
concentration of a predominantly cytosolar 
element (e.g. potassium) in the smears, having 
previously determined its average concentration 
in cryosectioned chloragocyte cytoplasm. 
D.C. Sigee: Information on the chemical site 
of Pb binding might be obtained from correlations 
in the occurrence cf elements within a batch of 
analyses. Have the authors carried out such a 
statistical analysis? 
Authors: We have on previous occasions plotted 
the relative mass fractions of Pb and P in the 
form of scatter diagrams and found that they are 
significantly negatively correlated (Morgan and 
~orris, 1982; Morgan, 1984). This is somewhat 
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suprising since Pb, as a class A ( "ha.td acid") 
metal shows affi nities for oxygen- dcnating liga-
nds such as phosphates in preference to nitrogen-
and sulphur - donors (see Simkiss, 1981). Theory 
would lead us to hypothesise a positive corre-
lation between Pb and P concentratio n s in 
chloragosomes. We are currently investigating 
this anomaly by the quantitative EPXMA of 
chloragosomes from earthworms derived from sites 
differing in their degree cf Pb contamination. 
D.C. Si gee: The authors state that dense 
bodies other than chloragosomes could be included 
in the smear preparations. Were such bodies seen 
in cryosections, and how important is this 
potential artifact? 
Authors: The heterogeneity of the granule 
population is illustrated in Figs 7d and 7e. In 
the case of cryosections these compositionally 
different types could be distinguished and, 
therefore, selected for analysis according to 
their structural appearance. In general, this was 
not the case in smears. This may introduce a 
serious constraint since some of the "structures" 
pooled for the purposes of statistical treatment 
may be structurally and functionally distinct 
dcmains. The adc ,ption of multivariate statistical 
analyses may alleviate some of these problems 
since the chemical relationships of the 
"structures" can thus be defined with some degree 
of confidence. 
D.C. Sigee: How de the authors justify the 
exclusion of cryosectioned granules that did not 
yield detectable Pb signals if they are 
calculating a mean mass fraction? 
Authors: For statistical purposes a non-
detectable level would be recorded as a zero 
value. Clearly this is misleading since the 
actual concentration of the element in the 
analysed volume may be rather high (especially 
given the relatively poor sensitivity of EPXMA), 
albeit below the detectable limits of the 
instrumentation. By "selecting" a population of 
granules that contain detectable quantities of Pb 
we feel that we are introducing less error than 
by including "zero" values in our calculations. 
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G.M. Roomans: I don"t really doubt your 
conclusion about the chloragosomes being the 
major depository of Pb and Zn, but actually you 
would have to know the fraction of body weight 
made up by the chloragogenous tissue to draw this 
conclusion. The present data allows only the 
conclusion that the tissue accumulates Pb and Zn. 
Authors: We fully accept this point although 
perhaps one should distinguish between the terms 
"content" and "concentration". Our data does 
demonstrate that the concentratio n s of Pb and Zn 
are higher in the chloragogenous tissue tha n in 
the rest of the body; this conclusion cannot, of 
course, be extended to include the metal content 
without knowledge of the relative mass of the 
chloragog and "rest". Weighing the chloragog is 
extremely difficult because of its diffuse 
distribution, but a recent microdissection and 
brushing technique for its removal may circumvent 
the problem (Prent¢, 1986; 1987). 
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